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ABSTRACT 
 
The photovoltaic properties of carbon nanotube/Si heterojunction solar cells were 
investigated using network films of high quality single-walled carbon nanotubes 
(SWNTs) grown by atmospheric-pressure floating-catalyst chemical vapor deposition. 
Because of the optimization of the device window size and the utilization of SWNT thin 
films with both low resistivity and high transparency, a high photovoltaic conversion 
efficiency of greater than 12% was achieved for SWNTs/Si heterojunction solar cells 
without any post processing, such as carrier doping treatment. In addition, the high 
stability and reproducibility of the photovoltaic performance of these devices in air was 
demonstrated. 
 
Keywords: solar cell, carbon nanotube, high efficiency, high stability 
 
 
2 
 
Carbon nanotubes have attracted a great deal of interest for photovoltaic applications 
because of their excellent optical and electronic properties, including the ability to tune 
their band gaps over a wide range by controlling the tube diameter 
[1]
 and their high 
carrier mobilities along their one-dimensional axes. 
[2-4]
 Solar cells based on simple 
heterostructures of single-walled carbon nanotubes (SWNTs) and Si have been 
extensively studied as model devices. 
[5-9]
 In the past few years, the photovoltaic 
performance of SWNTs/Si heterojunction solar cells has been improved using 
postprocessing techniques and complicated device structures, such as carrier doping of 
SWNT films by the infiltration of acid, 
[10]
 controlling the electronic junctions using an 
ionic liquid electrolyte, 
[11,12]
 and coating the Si surface with an anti-reflection layer. 
[13]
 
Photovoltaic conversion efficiencies of greater than 10% have been reported for these 
devices. However, the need to use complicated postprocessing techniques is 
impracticable for the application of SWNTs to large-scale solar cells. In addition, such 
techniques may lead to less stable devices. Hence, the development of a method for the 
production of high efficiency, stable SWNTs/Si heterojunction solar cells that do not 
require postprocessing is strongly desired. 
 
The physical properties of SWNTs thin films strongly affect the photovoltaic 
performance of SWNTs/Si heterostructure solar cells. It has been revealed that the 
SWNT film serves as a semi-transparent carrier transport layer in these solar cell 
devices. 
[14]
 Hence, one of the major factors limiting the photovoltaic efficiency of 
previously reported SWNT solar cells may be related to the carrier transport properties 
of the films. It is thus expected that SWNTs/Si heterostructure solar cells with these 
films that have high transparency and low sheet resistivity will improve photovoltaic 
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conversion efficiencies. 
 
Here, we report the results of our investigation of the photovoltaic properties of 
SWNTs/Si heterojunction solar cells using SWNT thin films fabricated using 
atmospheric-pressure floating-catalyst chemical vapor deposition (FC-CVD). A 
photovoltaic conversion efficiency of ~10% was obtained for solar cells using these 
high-quality SWNT thin films with both high transparency and low sheet resistivity. In 
addition, various cells with SWNT films of different active window sizes and 
thicknesses were examined to determine the effect of these characteristics on the 
transparency of these films. Because of the optimization of such device parameters and 
the utilization of a high-quality SWNT film with both low resistivity and high 
transparency, a high photovoltaic conversion efficiency of greater than 12% was 
achieved in a SWNTs/Si heterojunction solar cell without any additional postprocessing, 
such as carrier doping. In addition, the high stability and reproducibility of the 
photovoltaic performance of this device in air was demonstrated. 
 
SWNTs were grown using the FC-CVD method, as described previously.
 [15,16]
 
Carbon monoxide (CO) was the carbon source, and the catalyst particles were produced 
by the decomposition of ferrocene vapor. CO (100 sccm) was passed through a 
temperature-controllable cartridge containing ferrocene powder. Additional CO (300 
sccm) and CO2 (3 sccm) were also introduced to the furnace, and the growth 
temperature was set at 850 °C. The SWNTs film was collected at room temperature on a 
membrane filter comprising cellulose acetate and nitrocellulose. The thickness of a 
SWNT film can be controlled by the collection time. 
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An n-Si substrate (1‒10 Ωcm) was used for the solar cell devices. The native SiO2 
layer of the active window was removed using a buffered HF solution. The membrane 
filter containing the SWNT film was then placed on the Si substrate such that the film 
was in direct contact with the top surface of the substrate. A fiber wiper was then 
applied to the surface of the substrate with adequate pressure to release the film from 
the membrane filter and to create a connection between the film and the substrate. It was 
essential to place a drop of ethanol on the surface to ensure good contact between the 
films and the substrates and to densify the SWNT film. 
[17]
 SWNT films with window 
sizes (: diameter) ranging from 1 to 3 mm were used. Next, each SWNT film was 
connected to gold (Au) as the anode, while each n-Si substrate was connected to indium 
(In) as the cathode.  
 
The optical transmission spectra of the SWNT films on the glass substrates were 
measured using a UV/Vis/NIR spectrophotometer (HITACHI U-4100). To evaluate the 
photovoltaic properties of the devices, the SWNTs/Si heterojunction solar cells were 
irradiated using a solar simulator (San-Ei Electric XES-40S1) under AM 1.5 conditions 
(100 mW/cm2), and the current density–voltage (J–V) data were recorded using a 
sourcemeter (Keithley 2400). The AM 1.5 (100 mW/cm
2
) conditions in the solar 
simulator were confirmed using a standard cell (BS-500BK). The sheet resistance of the 
SWNT network was measured using a digital multimeter (Keithley 2100) connected to a 
four-probe collinear arrangement (Astellatech SR4-S). 
 
Figure 1(a) shows the schematic of the device structure of a SWNTs/Si heterojunction 
solar cell and (b) exhibits from cross−section view. Figure 1(c) shows photographs of 
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uniform and large area (12.56 cm
2
) SWNT films fabricated at collection times of 12, 16, 
20, 30, 40, and 60 min. The corresponding transmittance spectra of these films are 
shown in the inset of Fig. 1(d). The transmission value for each film at 550 nm (T) is 
indicated in the inset of Fig. 1(d). Figure 1(d) shows the sheet resistances of the SWNT 
films as a function of T. The SWNT films fabricated by the FC-CVD method exhibit 
both low resistivity and high transparency, such as 2 k/□ for T = 80%, which is 
significantly superior to those of films prepared using a spray method. 
[18]
  
 
The effect of the thickness of the SWNT film on the photovoltaic properties of 
SWNTs/Si heterojunction solar cells was investigated. Figure 2(a) shows the J−V curves 
of SWNTs/Si heterojunction solar cells with an active window size () of 2 mm 
fabricated using SWNT films with different thicknesses (transmission values T). The 
J−V curves for the SWNTs/Si heterojunction solar cells drastically change as the 
transmittance of the SWNT film varies. Based on the evaluation of this series of J−V 
curves, it is found that the photovoltaic conversion efficiency  strongly depends on the 
thickness of the film (i.e., the transmittance T). Figure 2(b) shows the values obtained 
for , the fill factor (FF), the short circuit current density (Jsc), and the open circuit 
voltage (Voc) as a function of T derived from this series of J−V curves. The photovoltaic 
conversion efficiency  increases as T decrease and reaches a maximum value at T ~ 
80%. In contrast, a negligible change in Voc is observed, while the FF drastically 
increases as T decreases. In addition, Jsc drastically increases as T decreases in the 
high-transmittance region and moderately decreases as T decreases in the 
low-transmittance region. Thus, increase in both FF and Jsc from 26.5% to 71% and 
18.9 to 26.9 mA/cm
2
, respectively, contributes to the drastic increase in  from 2.5% to 
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10.6% from T = 97% to 80%. It should be noted that the photovoltaic conversion 
efficiency of the cell with a high transparency and low resistivity SWNT film prepared 
using FC-CVD (T = 80%) reached a value of 10.6%, which is much larger than the 
value of 3.2% obtained for cells prepared using a spray method (T ~80%).
 [18]
 
 
Next, the change in the conversion efficiency of solar cells as a function of the 
window size and SWNT film transmittance was investigated. The SWNTs/Si 
heterojunction solar cells with active window sizes () ranging from 1 to 3 mm and 
SWNT films with transmittance (T) ranging from 70% to 97% were prepared (Fig. 
S1-S3). The photovoltaic conversion efficiencies of solar cells with SWNT films of 
different transmittance are shown in Fig. 3 as a function of the window size. The figure 
shows that the photovoltaic conversion efficiency increases as the active window size 
decreases, mainly because of a reduction in the effective series resistance, as discussed 
below. However, the optimized T values are different depending on the active window 
size. Thus, the optimized device parameters for SWNTs/Si heterojunction solar cells ( 
= 1 mm and T = 91%) are determined based on these results and are shown to provide a 
high conversion efficiency of 12.2%. 
 
To gain further insight into the impact of the properties of the SWNT film on the 
photovoltaic performance of SWNTs/Si heterojunction solar cells, the series resistance 
(Rs) of the optimized devices ( = 1 mm) fabricated by different thickness SWNT films 
was calculated using the J–V curve data and the following relationship: [20,23] 
.IR
dI
dV
I S                               (1) 
Figure 4(a) shows that the series resistance increases as T increases (decreased thickness 
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of the SWNT network film). This result suggests that the decrease in the FF with an 
increase in T (Fig. 2(b)) is because of the increase in Rs. The plot of I(dV/dI) for the 
device fabricated using a SWNT film with T = 91% as a function of I is shown in the 
inset of Fig. 4(a). The value for Rs (= 180 Ω) corresponding to 1.41 Ω·cm
2
 is obtained 
from the slope of the line in the inset of Fig. 4. This low series resistance is mainly 
because of the high density and close connection of SWNTs network, which occurs 
because of Y-junction formation in the films fabricated using the FC-CVD method. 
[16]
 
 
The diode ideality factor (n) was also evaluated to investigate the carrier transport 
mechanism of the devices. This factor is determined under forward bias conditions 
using the relationship described below, 
[19]
 
                                     (2) 
 
where q is the electronic charge, k is the Boltzmann constant, V is the applied voltage, 
and Idark is the dark current. The plot of ln Idark for the device fabricated using the film 
with T = 91% as a function of V is shown in the inset of Fig. 4(b). From the slope of this 
line, the diode ideality factor n is determined to be 1.65. Figure 4(b) shows the values 
for n obtained for the devices as a function of T. The figure shows that n moderately 
decreases from 1.93 to 1.36 as T decreases (i.e., the thickness of the SWNT film 
increased). These values are much smaller than those previously reported, 
[18,20]
 and 
nearly the same as those of typical Si solar cells. 
[21,22]
 Based on these results, it can be 
concluded that n is related to the diffusion recombination process, accompanied by 
tunneling. 
[23]
 The moderate increase in n with increasing T is because of the increase in 
the sheet resistance of these films. 
[24]
  
,
ln1 dark
dV
Id
q
kT
n

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Figure 5(a) shows a typical J−V curve of the optimized SWNTs/Si heterojunction 
solar cell ( = 1 mm) using the SWNT film with T = 91% under AM 1.5 conditions. The 
values for Jsc, Voc, and FF extracted from the J−V curve are 30.2 mA/cm
2
, 0.586 V, and 
70%, respectively, which result in a high photovoltaic conversion efficiency  of 12.5%. 
This value (12.5%) is higher than the previously reported value (10.5 %), 
[11]
 and is the 
highest photovoltaic conversion efficiency for a SWNT/Si heterojunction solar cell 
fabricated using as-grown SWNTs without any carrier doping treatment as a 
postprocessing technique. Previous studies of the photovoltaic conversion process have 
revealed that the SWNT film mainly serves as a semi-transparent carrier transport layer 
in SWNT/Si heterojunction solar cells. 
[25]
 Thus, the high photovoltaic conversion 
efficiency of greater than 12% is because of the high quality (low resistivity and high 
transparency) of the SWNT film. 
 
The photovoltaic conversion efficiency of 20 solar cells fabricated using the 
optimized device parameters was then measured, and a remarkable reproducibility for  
in the narrow range from 11.8% to 12.7% is observed, as shown in the inset of Fig. 5(a). 
The stability of the photovoltaic performance in the SWNT/Si heterojunction solar cell 
was also examined. Figure 5(b) shows the time evolution of the photovoltaic conversion 
efficiency , Jsc and Voc of the solar cell. The values for Jsc and Voc nearly remain the 
same, while the FF moderately decreases with prolonged time, resulting in a modest 
decay in the photovoltaic conversion efficiency from 12.5% to 10.5% over 10 days. 
This decreased rate of 0.2% per day is much smaller than the previously reported value 
of ~1.2% per day for SWNTs/Si solar cells doped with HNO3. Thus, the optimized 
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SWNTs/Si solar cells fabricated using SWNT films grown by FC-CVD that have low 
resistivity and high transparency show both superior photovoltaic performance 
(conversion efficiency > 12%) and high stability. Also, with HNO3 doping, the 
optimized SWNTs/Si heterojunction solar cell exhibits a very high photovoltaic 
conversion efficiency of 14.5% (Fig. S4). 
 
In summary, SWNTs/Si heterojunction solar cells prepared using high quality SWNT 
films with low resistivity and high transparency fabricated by the FC-CVD method 
were investigated. The optimum device structure was determined to consist of 
1-mm-diameter window and a SWNT film with T = 91%, and a photovoltaic conversion 
efficiency of 12% was obtained for a SWNTs/Si heterojunction solar cell prepared 
without postprocessing using this structure. In addition, the high reproducibility of the 
photovoltaic performance of this type of device and its stability in air were clearly 
demonstrated, suggesting the superior potential of carbon nanotube solar cells. 
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FIGURE CAPTIONS 
 
Fig. 1. (a) Schematic of the device structure of a SWNTs/Si heterojunction solar cell. 
(b) Cross-sectional view of the device structure. (c) Photographs of SWNT films with 
transmittance values T = 97, 94, 91, 86, 80, and 70% at 550 nm, respectively. (d) Sheet 
resistance of SWNT films as a function of T. Inset shows the transmission spectra of the 
SWNT films. 
 
Fig. 2. (a) Current density–voltage (J–V) curves for heterojunction solar cells fabricated 
using SWNT films of various thicknesses (transmittance). The conversion efficiency of 
the solar cells and the corresponding transmittance values for the SWNT films are 
shown in the figure. (b) Values for , FF, Jsc, and Voc obtained from the J–V curves for 
each device as a function of T. 
 
Fig. 3. Photovoltaic conversion efficiency of solar cells with SWNT films of various 
thicknesses as a function of the window size. 
 
Fig. 4. (a) Series resistance of the devices plotted as a function of the transmittance T. 
The inset shows I(dV/dI) as a function of I for the device fabricated using the SWNT 
film with T = 91%. The linear fitted result is shown as a solid line, and the slope of the 
fitted line corresponds to the cell series resistance. (b) Diode ideality factors as a 
function of the transmittance T. The inset shows the semi-logarithmic plot of the J−V 
curve for the device fabricated using the SWNT film with T = 91%. The linear fitted 
line is shown as the solid line. 
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Fig.  5. (a) Current density–voltage (J–V) curves for optimized SWNTs/Si 
heterojunction solar cells fabricated with a windows size of 1 mm using a SWNT film 
with T = 91%. The inset shows a histogram of the variation in the photovoltaic 
conversion efficiency of the fabricated SWNTs/Si solar cell devices. (b) Time evolution 
of the photovoltaic properties FF, VOC, JSC, and  of an optimally prepared device. 
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Fig. S1 (a) Current density–voltage (J–V) curves for solar cells with 1-mm-diameter 
active windows fabricated using SWNT films of varying thicknesses (transmittance). 
(b) Values for η, FF, Jsc, and Voc obtained from the J–V curves for each device as a 
function of T. 
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Fig. S2 (a) Current density–voltage (J–V) curves for heterojunction solar cells with 
1.5-mm-diameter active windows fabricated using SWNT films of varying thickness 
(transmittance). (b) Values for η, FF, Jsc, and Voc obtained from the J–V curves for each 
device as a function of T. 
 
 
 
 
 
 
 
Fig. S3. (a) Current density–voltage (J–V) curves for solar cells with 3-mm-diameter 
active windows fabricated using networked SWNT films of varying thickness 
(transmittance). (b) Values for , FF, Jsc, and Voc obtained from the J–V curves for each 
device as a function of T. 
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Fig. S4. Current density–voltage (J–V) curves for original (black line) and HNO3-doped 
solar cells with 1-mm-diameter active windows fabricated using networked SWNT 
films with a transmittance of 91%. 
 
 
 
 
 
